Single-slit split-ring resonators at optical frequencies:
Limits of size scaling
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We present magnetic metamaterials composed of 35-nm minimum feature-size gold split-ring resonators with a
fundamental magnetic resonance at 900-nm wavelength. Corresponding calculations reveal excellent agreement
with the experiments and show that the limits of size scaling have been reached. (©) 2005 Optical Society of

Anmerica
OCIS codes: 160.4760, 260.5740.

Split-ring resonators (SRRs)! allow for artificial mag-
netism at elevated frequencies and have recently at-
tracted considerable attention.?” In essence, a SRR is
just a small LC circuit consisting of an inductance L and
a capacitance C.°> Dense packing of SRRs, using lattice
constants smaller than the LC resonance wavelength,
leads to effective materials that can exhibit a resonance
behavior of the magnetic permeability p, with a mag-
netic resonance at the LC frequency wrc = 1/v/LC. The
simplest form is one metallic ring with one slit.! The ring
forms one winding of a coil (the inductance), the ends
of the ring form the plates of a capacitance. Theory has
shown several times that both the inductance and the ca-
pacitance scale proportional to SRR size, provided that
all SRR dimensions are scaled down simultaneously.®?
Thus, the LC frequency scales inversely with normal-
ized size (or scale factor) s, i.e., wre o 1/s. This scaling
law, however, only holds as long as the metal acts as an
ideal metal. It is clear that the limit is determined by
the metal plasma frequency. Recent theoretical work has
addressed this aspect in more detail.'® !

It is the aim of this letter to present first experiments
in a regime where the SRR size scaling breaks down, i.e.,
at the long-wavelength end of the visible range. In this
regime, the Drude model of metals (that has extensively
been used for describing SRRs) becomes questionable.
Thus, we compare our experiments with calculations us-
ing the complex dielectric function of the metal as de-
termined from literature experiments.

Before we address our experiments, we briefly recall
an intuitive reasoning for the end of SRR size scaling:'?
To support a current I in the coil, one needs the mag-
netic energy %L[ 2. In addition, the kinetic energy of the
charged carriers has to be provided. For an ideal metal

with infinite carrier density, hence infinite plasma fre-
quency, the carrier velocity and the kinetic energy are
zero, even for finite current I. For a real metal, velocity
and kinetic energy become finite. As velocity and cur-
rent are proportional, the electron kinetic energy can be
recast into an effective additional magnetic energy with
a “kinetic” inductance Lyi,, which adds to the usual in-
ductance, i.e., L — L 4+ Lyi,, and which scales inversely
with size.!® Thus, it is negligible for large inductances
but becomes dominant for small SRRs. In this limit, the
LC frequency approaches a constant, i.e., it becomes in-
dependent of the SRR size if all SRR dimensions are
scaled by the same scale factor s. This reasoning alto-
gether leads to the modified scaling law'°
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It should be clear that the LC frequency could be
further increased by reducing the net capacitance C,
which is, e.g., possible by introducing further slits into
the ring.'® Here, we focus on single-slit SRRs because
they exhibit the largest ratio of resonance wavelength
and SRR size, i.e., they are ideal for constructing effec-
tive materials (the true metamaterial limit).

In our experiments, we continue along the lines of
our previous work which started with single-slit SRRs
at 3-pm resonance wavelength® and recently arrived at
1.5-pm resonance wavelength® (and shorter-wavelength
higher-order magnetic resonances®). Again, the samples
are fabricated using standard electron-beam lithogra-
phy and electron-beam evaporation® and consist of gold
SRRs on a glass substrate. To avoid charging effects in
the electron-beam fabrication process, the substrates are
coated with a 5-nm thin indium-tin-oxide (ITO) layer.
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Fig. 1. Oblique-view electron micrograph of the gold
SRR array. The upper inset shows a top-view image, the
black line depicts the lateral dimensions of the SRR used
in the calculations. The lower inset is a corresponding
perspective view, shown on the same scale as the large
micrograph.

Electron micrographs of a typical structure with a foot-
print of (20pm)? and a gap width of 35nm are shown
in Fig.1. To enhance the magnetic response, we have
not scaled down the gold film thickness but have rather
increased it with respect to our previous work.>% As a
result, the SRRs are no longer flat objects but rather
reveal a significant aspect ratio of height to lateral di-
mensions, as apparent from Fig. 1.

Optical transmittance spectra for linear incident po-
larization are measured with a home-built setup, allow-
ing for investigating small samples at small opening an-
gle (5 degrees) of the incident light in order to avoid
angle-averaging effects as much as possible. Closely sim-
ilar to our previous work on larger SRRs,>® we find
two resonances when exciting the structures with hor-
izontal polarization [see Fig.2 (a)]: The 900-nm wave-
length resonance is the magnetic resonance excited by
the electric-field component of the incident light. It cor-
responds to a ring current in the SRR leading to a mag-
netic dipole-moment perpendicular to the SRR plane.
The short-wavelength resonance is the usual Mie reso-
nance corresponding to an electric dipole oscillating in
the horizontal bottom SRR arm. For vertical incident
polarization [see Fig.2 (b)], only one Mie resonance is
observed, corresponding to electric dipoles oscillating in
the two vertical SRR arms. We have recently shown that
the relative positions of the magnetic resonance and the
Mie resonance sensitively depend on the relative depth
of the SRR opening.” Thus, it is not easy at all to in-
vestigate the SRR size scaling experimentally under the
condition that all SRR dimensions are scaled by the iden-
tical factor.

Thus, we follow a different route here. We first com-
pare our experimental results with a refined theoret-
ical treatment, leading to almost quantitative agree-
ment. In other words: Our SRRs come close to the
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Fig. 2. First row: Experimental transmittance spectra
for (a) horizontal and (b) vertical incident polarization
(see arrows). The inset shows a top-view electron mi-
crograph of a gold SRR. Second row: (¢) and (d) ex-
hibit corresponding calculated spectra (solid curves). To
mimic the influence of inhomogeneous broadening, the
dashed curve depicted in both (a) and (c) is the convo-
lution of the solid curve in (¢) with a Gaussian (HWHM
= 3% of the center frequency). The magnetic resonance
frequency (see Fig.3) is indicated by an arrow in (a).

theoretical ideal. Next, we perform numerical size scal-
ing “experiments”. Previous theoretical work has em-
ployed the Drude model to describe the metal dielectric
function.!0 ' Tt is well known, however, that all met-
als exhibit (significant) deviations with respect to the
Drude model when approaching very large frequencies.
Thus, we use the measured complex dielectric function
of gold, which is well documented in the form of tables
in the literature'? for frequencies between 155 THz and
1595 THz (for frequencies below 155 THz, we have to use
the Drude model). Those measurements have been per-
formed on gold films of comparable thickness. Our nu-
merical simulations employ the FEMLAB software pack-
age, which is based on a finite-element method and used
in the frequency-domain with vector elements and peri-
odic boundary conditions. Parameters are: [, = 110 nm,
ly, = 95nm, w, = 38nm, w, = 50nm, thickness
t = 45nm, and a square lattice with lattice constant
a = 240nm [see inset in Fig.2 (d)]. This geometry is a
fair approximation of the experimental SRR structures
(see Fig. 1), which are rounded off by the fabrication pro-
cess. The substrate refractive index is 1.5. Correspond-
ing calculations are depicted in the second row of Fig. 2.
The “bare” calculations agree well regarding the spec-
tral positions of the resonances, however, the calculated
resonances are somewhat deeper and narrower than in
the experiment. From the electron micrographs shown in
Fig.1 it is clear that the SRR dimensions slightly vary
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Fig. 3. Scaling behavior of the magnetic resonance fre-
quency [compare arrow in Fig.2 (a)]. The SRR size is
referenced with respect to the parameters of Fig. 2 (see
arrow here). For the circles, all geometrical parameters
and the lattice constant are scaled by the same scale fac-
tor s, (i). For the triangles, only the lateral parameters
are scaled, the thickness is fixed, (ii). For the open sym-
bols, the measured metal permittivity of gold is used in
the calculations, while for the full symbols a Drude per-
mittivity for gold is used. The solid curve corresponds
to a fit using the simple formula wyc o 1/v/s? + const.,
the dashed curves are guides to the eye. The crosses are
for case (i), but silver rather than gold.

throughout the array, which translates into a certain in-
homogeneous broadening. This aspect can be described
by convolving the “bare” response with a normalized
Gaussian distribution (in the frequency domain). Choos-
ing a half-width-at-half-maximum (HWHM) correspond-
ing to 3% of the center frequency, the result agrees very
well with our experiments [see Fig. 2 (a)].

Are our experiments within or outside the limit of SRR
size scaling? To investigate this question, we have re-
peated the calculations (with the actual gold dielectric
function as above) for two cases: (i) All SRR dimensions
are scaled simultaneously by factor s and (ii) only the
lateral SRR dimensions are scaled by s (i.e., fixed gold
thickness). The results are depicted in Fig. 3, where we
plot the magnetic resonance frequency (compare arrow
in Fig.2) versus inverse scale factor s. For both cases,
(i) and (ii), the experiment is already outside the scaling
regime wrc o 1/s. Thus, it is no longer expected that
the magnetic permeability p becomes negative close to
resonance.'® Note that the simple formula (1) describes
the numerical results for case (i) extremely well.

Silver is often considered to be close to an ideal metal
at optical frequencies. Thus, we have repeated the cal-
culations, replacing gold by silver. The silver complex
permittivity is again taken from Ref. 12. The results for
scaling of all SRR parameters (crosses in Fig. 3) are very
closely similar to those of gold (circles). For the param-
eters investigated, the maximum deviation in magnetic
resonance frequency is less than 10% towards the blue —

consistent with a corresponding difference in the plasma
frequencies of gold and silver. However, it is well known
that silver rapidly oxidizes unless protective measures
are taken. The SRRs could for example be coated with
a dielectric film, which, unfortunately, would again red-
shift the resonances.

In conclusion, we have fabricated metamaterials con-
sisting of dense arrays of (single-slit) split-ring resonators
with a fundamental magnetic resonance around 900-nm
wavelength. The measured transmittance spectra agree
very well with calculations, revealing that these SRR
structures are of high quality and that they are already
outside the size-scaling regime, i.e., further miniaturiza-
tion would not significantly increase the magnetic reso-
nance frequency.
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